The water distribution network (WDN) sectorisation problem is characterised by structural and hydraulic requirements that make existing graph partitioning techniques inadequate to find a good solution. Specifically, sector isolation and direct access to at least one source for each sector are not addressed. This study proposes a method to address structural requirements of water network sectorisation with minimum negative impact on the hydraulic requirements. This paper first elaborates the sectorisation problem and discusses the requirements of water network sectorisation. Then, it proposes a novel method, called WDN-PARTITION, which applies a new heuristic structural graph partitioning algorithm, combined with a many-objective optimisation procedure, to find near-optimal arrangements of nodes into sectors. The criteria of optimisation and their priorities can be specified for each case. The outcome of the method is a set of non-dominated sectorisation solutions, ranked lexicographically based on their values for the chosen criteria and their priorities, from which the final decision can be made by the domain experts. WDN-PARTITION has been implemented and integrated with a hydraulic network simulator. The simulation-based evaluation results demonstrate that WDN-PARTITION generally achieves its design objectives to partition a water network into isolated sectors with a minimal negative impact on the hydraulic performance criteria of the network.
INTRODUCTION
A water distribution network (WDN) is the infrastructure that supplies drinking water to homes and businesses, and links water sources to consumers. Such networks are typically complex and dynamic, consisting of thousands of nodes (reservoirs, tanks and consumption nodes), interconnected by different types of links (pipes, pumps and valves).
Partitioning a WDN into smaller sub-networks is a strategy to manage its complexity, as advised by the directly associated with water security) and enhanced rehabilitation and work planning (Herrara Fernández ).
Partitioning a water network is also a major step towards a smart water grid (Hajebi et al. a) , which aims at the transformation of the existing water supply systems with ICT capabilities, to provide improved monitoring and control capacity over the network.
Recently, water security has gained a great deal of attention (National Research Council ; Porco ). Water security requires the division of the water distribution system into isolated sectors (also called isolated DMAs or iDMAs) ensuring no flow exchange between sectors. All water entering such a sector is consumed within it. In the event of a contamination incident, these sectors limit exposure to threat and minimise the number and the length of pipes that need to be decontaminated (Murray et al. ) . Sector isolation implies that each sector must have direct access to at least one source (i.e., the path from the sector to a water source must not contain any nodes in other sectors), so that it can have access to water without having flow exchange with other sectors.
The process of partitioning a WDN into a set of isolated sectors is referred to as water network sectorisation (WNS) (Di Nardo et al. b) . This paper explores the WNS problem and proposes a novel WDN partitioning technique, called WDN-PARTITION, to solve this multifaceted partitioning problem. WDN-PARTITION applies a novel structural graph partitioning technique combined with a manyobjective optimisation to find good sectorisation solutions.
The key characteristics of the proposed method are as follows:
• Each sector has direct access to a water source, so the path from the sector to a source does not contain any nodes in other sectors.
• The identified sectors are isolated from each other, so there is no flow exchange between different sectors.
• The sizes of the identified sectors are within a predefined boundary.
• The candidate solutions are hydraulically analysed, and the best ones are chosen using a many-objective optimisation procedure.
• The criteria of optimisation and their priorities can be specified for each case.
• It works well for both small and large networks.
• It does sectorisation without adding any new component to the network. This paper is organised as follows: first, the issues related to iDMA design are discussed and a set of WNS requirements are proposed. Then, based on the discussed requirements, the state of the art is reviewed briefly. Next, the WNS problem is formulated as a constrained manyobjective optimisation problem. The next section explains how the proposed solution (i.e., WDN-PARTITION) addresses the requirements and challenges of the problem. The proposed method is evaluated in the next section. Finally, the last section concludes the paper and discusses future work.
WNS REQUIREMENTS
Designing highly looped networks is the strategy applied in water distribution system design to guarantee high reliability of the network (Walski et al. ) . In contrast, by cutting pipes or using isolation valves in the network re-design process to create DMAs (or iDMA), the loop structure of the network is reduced, which results in a decrease in network reliability. Additionally, water network partitioning causes more energy to be dissipated in the network, which may cause problems to ensure pressure requirements at some nodes, and therefore, may affect network efficiency (Alvisi & Franchini ) . Furthermore, water may remain at dead-ends, which are created by disconnecting pipes and/ or closing valves. This may cause water quality problems, especially water age issue, which is a surrogate for water quality (Walski et al. ) .
Nonetheless, if partitioning is performed correctly, it can bring advantages in terms of water security and leakage detection, without highly compromising network reliability or water quality (Murray et al. ; Di Nardo et al. , ) .
To perform partitioning correctly, the requirements of partitioning should be taken into account. In other words, a set of criteria and metrics should be defined in advance that reflect WNS requirements. These requirements should be considered in the sectorisation process, and the outcome of sectorisation should be evaluated using the defined metrics.
Despite the importance of defining WNS requirements, each of the existing approaches focuses on some particular requirements and does not consider the other ones. To have a basis for this study, a general set of requirements is needed.
To come up with a general set of WNS requirements, the following methodology has been used:
• First, the IWA guidelines on DMA design (Morrison et al. ) are considered: size (geographical area and number of customer connections), elevation of nodes, pressure requirements, number of pipes to be cut, number of meters to be installed, infrastructure conditions and minimum number of mains crossed by sectors.
• Second, the initial list of criteria has been complemented with that discussed on the state of the art in WDN partitioning.
• Finally, the list of criteria has been discussed and modified with experts and practitioners in WDN partitioning.
The outcome of this process is the following set of WNS requirements, which are as comprehensive as possible within the scope of this work.
• Water security requirements.
• Isolation of sectors: i.e., no flow exchange between different sectors is allowed.
• Direct access to water source for each sector must be guaranteed: i.e., the path from a sector to at least one source must not contain any nodes in other sectors.
• Connectedness: i.e., the partitioned sectors in the WDN should be connected to guarantee that all the nodes have access to water. There must be a path from the source to all the nodes in an identified sector, and there should be no isolated node in the network after partitioning.
• Conservation of mass and conservation of energy. Two fundamental hydraulic constraints that govern the physics of hydraulic networks and should be considered in all water distribution network design and re-design problems. Conservation of mass can be regarded as continuity of flow constraint, which dictates that the fluid mass entering any pipe will be equal to the mass leaving the pipe (since fluid is typically neither created nor destroyed in hydraulic systems). Conservation of energy can be regarded as hydraulic equilibrium equations, which imposes that the difference in energy between two points in a network must be the same irrespective of flow path (Walski et al. ).
• Pressure requirements: i.e., the pressure at nodes should not exceed certain limits, i.e., a minimum of 28 (m) and a maximum of 100 (m) (US Army Corps of Engineers ). Additionally, minimum nodal pressure requirements should be guaranteed. Both of these requirements should consider the following scenarios • average day demand (ADD), • minimum hourly demand (MHD), • peak hourly demand (PHD),
• maximum day demand (MDD), • fire demand (FD).
It should be noted that from the hydraulic point of view, whenever a system is able to satisfy the MDD it will be able to satisfy MHD, PHD and ADD as well.
For water quality modelling mainly ADD is used. Therefore, {MHD, PHD, MDD þ FD} cover all the five scenarios, as FD is modelled with MDD to ensure the capability of the system to provide fire demand at the maximum day demand, and a system with such a capacity will definitely satisfy ADD.
• Sector sizes must be balanced and within a predefined boundary (Morrison et al. ) . Boundaries like (300-2,500), (500-3,000) and (500-5,000) customer connections can be found in the literature (Morrison et al. ; Di Nardo & Di Natale ; Herrara Fernández ); however, (500-5,000) is the most common one.
• Customer demand satisfaction: i.e., enough water should be supplied to satisfy different customer demands at all times during the different consumption scenarios (Diao et al. ) .
• Elevation of the nodes in a DMA should be within a specific range (Morrison et al. ) .
• Limited water velocity: i.e., the minimum and maximum velocity of water in pipes should be within certain limits (Gomes et al. ) . Typically, a minimum of 1 m/s (3 ft/s) for large zones and a maximum of 3 m/s (10 ft/s) are recommended (Walski et al. ) .
• Minimum cut size: i.e., the number of pipes that must be cut (and equipped with flow meters and valves) should be minimised (Morrison et al. ) .
• Minimum cut weight: i.e., sum of diameters of the pipes that must be cut should be minimised.
• Tank level limitations: i.e., the level of water in tanks should be within a boundary. The maximum allowable level is typically the top of the tank, and the minimum allowable water level is typically above the bottom of the tank to provide some residual storage for potential fire defeat events. Additionally, the difference between the water level at the start and the end of simulation period should be limited (usually less than 10% of the tank height).
• Maximum network reliability (Murray et al. ): i.e., the reliability of the network should be maximised. Resilience (Todini ) is a surrogate for network reliability, defined as the inherent capacity of a water network to manage unexpected failures. Network resilience is measured as 'the ratio between the surplus of power delivered to users and the maximum power that can be dissipated in the network when meeting exactly the design criteria' (Grayman et al. ).
• Maximum network efficiency: i.e., the energy efficiency of the network should be maximised. Dissipated power is a surrogate for energy efficiency (Di Nardo et al. b), which is the power dissipated in the pipes during water flow from the source to the users; i.e., the total available power at the entrance of the distribution network minus the power that is delivered to the users. Dissipated power should be minimised to have the maximum energy efficiency in the network.
• Water quality considerations (Murray et al. ) . Water age is usually considered as a replacement for water quality, which should be minimised.
• Minimum background leakage. Background leakage is characterised by small non-visible leaks that occur mostly at joints and fittings, not generating sufficient noise to be detected by existing equipment (Delgado ; WDSA  team). It should be minimised in the network.
• Sectors should cross as few mains as possible (Morrison et al. ) . The sector boundaries should follow the natural geographic and hydraulic boundaries. The final goal is to minimise the costs, both CAPEX and OPEX.
• Minimum costs. CAPEX (capital expenditure) is an expense incurred for WDN partitioning, e.g., expenditure on assets like pipes, valves, meters and installations.
OPEX (operational expenditure) is the required day-today operation cost of the network, like valve operations, pump operations, maintenance and repairs. The total running cost of the sector creation and operation (CAPEX þ OPEX) should be minimised.
The above list can be divided into three categories:
• Structural requirements, which are related to the structure of the network after partitioning, including sector isolation, direct access, connectedness, sector size, sector size balance, minimum cut-set size, minimum cut-set weight and, finally, sectors should cross as few mains as possible. Of these structural requirements, sector isolation and direct access are specific to WNS (i.e., to address water security); while the other ones are general in WDN partitioning, including sectorisation.
• Hydraulic requirements, which are hydraulic constraints and objectives that need to be maintained in water networks, including conservation of mass, conservation of energy, limited pressure at nodes, limited water velocity in pipes, limited tank level, customers demand satisfaction or guaranteeing nodal pressure requirements, network reliability, energy efficiency, minimum nodal elevation differences within the sectors, water quality, and background leakage.
Violation of one of these requirements could result in damage to the network infrastructure or create problems in service provisioning. These requirements must be satisfied in all types of water distribution network design and redesign, including partitioning and sectorisation.
• Economic requirements, that deal with the total cost of sectorisation, i.e., CAPEX þ OPEX.
Although some of the mentioned requirements are basic hydraulic requirements of a water distribution system, they should be taken into account for WDN partitioning and should be re-examined after the process. In some sources (Charalambous ; Murray et al. ; Grayman et al.
), the process of DMA design is referred to as network re-design. The structure of the network will be modified and some of the hydraulic requirements may not hold after partitioning. Therefore, it is important to assess all the requirements of network design again.
The priorities for these requirements may depend on the local situations, policies and legislations. However, as this work focuses on water network sectorisation, water security requirements (sector isolation and direct access) are highly prioritised.
RELATED WORK
Graph theory can be used to address the structural requirements of WNS. The WNS problem can be reduced to three different classic graph theory problems (Hajebi et Mathematically, the problem can be formulated as:
Given G ¼ (nodes, links) a graph modelling a water distribution network, where nodes ¼ {n 1 , n 2 , … , n N }, ∀ n ∈ nodes, lable(n) ∈ {source, consumer} and links ¼ {l 1 ,
, is a sub-graph of G, obtained by deleting links from G such that ∀ i ∈ {1, … , k} : nodes i ,nodes, links i ,links and also node
The goal is to find the optimal partition of G considering the following objectives and constraints:
Objectives:
Minimise cut weight:
Minimise sector size imbalance:
Minimise average customer exposure:
Minimise maximum customer exposure:
Minimise average pipe length exposure:
Minimise maximum pipe exposure:
Minimise pressure requirements violations (da Conceição Cunha & de Oliveira Sousa ):
Minimise dissipated power (Di Nardo et al. b):
Minimise elevation difference within sectors:
Maximise resilience index (Todini ):
Minimise average of water age in the network in last 24 hours:
Minimise background leakage:
Subject to (constraints):
Connectedness of the partitioned network (PN): ∀u, v ∈ nodes: there is a u À v path in the PN (14) Direct access to a source for each sector: ∀dma i ∈ DMAs, ∀u ∈ node s i ∃s ∈ sources such that there is a s À u path in the PN, where ∀v in the s À u path, = ∃ dma j such that v ∈ dma j :
Isolation of sectors: Given u ∈ nodes i , v ∈ node s j , = ∃ a u À v flow path in the PN (16) Sector size constraint:
Conservation of mass (Walski et al. ) :
Conservation of energy (Walski et al. ) :
Pressure constraints:
Water velocity constraint:
where in (1) and (2)
for l j ⊂ links with exactly one end-node in dma j . In (2) and
is the number of customer connections in dma i . In (3), (4), (5), (6) and (7) dma ∈ DMAs. In (6) and (7), l is a link in dma i which is in dma. In (8) /sec) and head in (kPa) at reservoir r, respectively; n p is the number of pumps in the system, P j is the power introduced into the network by the j-th pump in (kW) and γ is the specific weight of water in (N/m 3 ) (Todini ). In (12), i is the subscript of the i-th node in the network, LT is the last time step in the operational time period and wa t i is the water age at node i at time t. In (13), if P l,mean > 0 then
l,mean , and it is zero otherwise; l is the subscript of the l-th pipe; P l,mean is the model mean pressure along the l-th pipe in (m); d In (14), Sources are the nodes in the network that supply water. In (16), a u-v path is a finite sequence of links which connect node u to node v. A flow path is defined as a path which respects flow directions in the network. In (17), size(dma i ) ¼ max 
METHOD
As discussed in the section 'Problem statement', WNS is a multifaceted problem embracing graph-theoretic, hydraulic and economic aspects. The graph-theoretic aspects of the problem may be handled using different algorithms for graph partitioning, clustering and community detection
Decision variables domain:
among others. However, as the goal is to partition a WDN into isolated sectors (iDMAs), the current methods are inadequate, and there is a need to develop an algorithm that takes the structural constraints of the problem into account. Additionally, besides the structural constraints, WNS has other objectives and constraints, therefore, it is a multi-objective optimisation problem.
There are four different approaches to deal with optimisation problems: mathematical approaches, brute force search, meta-heuristic techniques and heuristic techniques. Step 1 (Initialisation): First of all, the network data are read from an EPANET (Rossman ) input file. An adjacency matrix A of the network is created using such data.
The A(i,j) and A(j,i) entries in the matrix are set to the diameter of a link l if there is such a link l between two nodes i and j in the network; infinity if there is a pump or valve between i and j; 0 if there is no link between i and j.
The user is asked for the following parameters during the initialisation phase: (1) MainsSizeThreshold, which is the minimum threshold size for the main pipes, (2) dmaMinSize and (3) dmaMaxSize, which are the minimum and maximum size of a sector, (4) MaxIter, which is the maximum number of iterations in the loop in Step 5.1.2, and Finally, two sets are defined during initialisation: Meters, which is the set of links that should be equipped with meters 
(the links that connect the DMAs to large water mains) and
Valves, which is the set of links that should be closed off (i.e., the neighbouring links in the boundaries of different DMAs identified after partitioning).
Step 2 (Finding major flow paths and potential sources):
Once the network data are read and the corresponding adjacency matrix is defined, it is possible to explore the network.
First of all, WDN-PARTITION finds the large water mains (major flow paths) from the main sources (reservoirs) and considers nodes in these paths as new potential sources.
Starting from the main sources in the network and using a modified depth-first search (DFS) (Tarjan ) algorithm, nodes are added to a list called PotentialSources. In this process, the nodes are identified in the direction of flow while their connecting links are larger than a specified threshold (MainsSizeThreshold). The sectors then can be identified starting from these potential sources to guarantee direct access to a source as these nodes are directly connected to a source, and would not be part of any sectors. Figure 2 shows the result of applying Step 2 on the Novato network.
Step 3 After identifying the groups connected to large water mains, the method may end up with some equal groups of nodes. This may happen for the groups of nodes that are connected to the large water mains by more than one link.
Redundant groups are removed and just one of them is kept. Figure 3 shows the result of applying this step on the Novato network.
Step 4 (Checking the size of Islands): In this step, the sector size constraint is examined. For each group in the Islands list, the number of customer connections (or sum of nodal demands) is assessed. There are three possible situations:
• If size is in the range of the allowed size of a sector (between dmaMinSize and dmaMaxSize), the Island will be considered as an iDMA, and the first link from the corresponding potential source(s) will be added to the Meters set.
• If size is less than the minimum allowable size of a sector, it is considered as a MinorIsland. No meter is defined for
MinorIslands as the cost is not justified (Ferrari et al. ). However, they cannot cause any water security risk for the rest of the network as there is no flow path from these islands to the other parts of the network.
• If size is greater than the maximum allowable size of a sector, it is considered as a MajorIsland, and must be partitioned into a set of isolated sectors all having direct access to the large water mains, and consequently, to a water source. Partitioning of major islands is done in
Step 5.
It can be seen in Figure 3 that two MinorIslands and one
MajorIsland are identified in the Novato network.
Step 5 Figure 4 illustrates the flowchart of this process. As can be seen in the flowchart, the following substeps are taken for each MajorIsland.
Step 5.1 (Partition a MajorIsland into K groups): First, it is examined to see whether there are enough nodes to serve the method as seeds to grow graphs from. Let us consider
If the number of the nodes in PtnSrcs4MI is less than K max , the number of seed nodes is not enough, so new nodes need to be found and used as seeds. In such a case, Step 5.1.1 should be taken, otherwise
Step 5.1.2.
Step 5. and continues increasing it until at least K max nodes are in PtnSrcs4MI.
Step 5.1.2 (Select seeds and grow graphs): Once there are enough seed nodes, K is set to be the number of partitions; starting from K ¼ K min and continuing to K max (for example if size of MajorIsland is 10,000 and the proper sector size is between 500 and 5,000, any number between 2 and 20 partitions is acceptable; therefore, K starts from 2 and continues to increase up to 20). Then, in a loop of MaxIter (e.g., 100) times, K nodes are selected randomly from PtnSrcs4MI (selection by replacement) to serve as seeds.
Then using a BFS algorithm, the method grows K graphs from the selected seeds.
The graph growing algorithm works as the following:
starting from each K seed node in parallel, all the neighbouring nodes that are in MajorIsland are added to a group corresponding to the seed node and will be removed from This is the end of Step 5.1 (Partition a MajorIsland into K groups). After that, the resulting solutions of partitioning different MajorIslands should be combined to create overall solutions, which cover all the network.
Step 5.2 (Combine solutions for different Major- should be identified. This is done in the next stage.
Step 6 (Selecting the best solutions): In this step, the sol- Each candidate solution's costs is calculated using the formulae (1) through (13). In order to obtain the values for the parameters involved in the objective functions (8) through (13) The studied WDN comprises 12,523 nodes, two constant head sources, two tanks, 14,822 pipes, four pumps, five valves, and is subject to five variable demand patterns.
It serves about 150,000 people and is a good example of a relatively large water distribution system. The system was simulated for a total period of 48 hours. This WDN is used as a test bed for a number of modelling exercises, including the Battle of the Water Sensor Networks competition (Ostfeld et al. ) . The network is a real water distribution system, but it is modified to preserve its anonymity. However, these modifications do not affect the connectivity and the hydraulic behaviour of the network. Additionally, all the identified sectors are isolated from each other and all have direct access to a water source.
The arrangement of one of the Pareto solutions (Sol-01) is illustrated in Figure 8 , which identifies 28 sectors of sizes between 588 and 4,844 nodes (2,423 on average). This solution demonstrates 1% decrease in network reliability and less than 1% increase in water age, which are acceptable considering the benefits of sectorisation. however, it is beyond the scope of this study.
Some improvements are planned for future work. For example, in the seed selection stage (Step 5.1.2), it is possible to consider some criteria to select better seeds (e.g., the diameter and/or flow of the connecting links, the demand of the seed nodes, and the distance of the seed nodes from each other and/or from the large water mains). Additionally, in
Step 5.1.2, after graph growing, it is possible to optimise the boundaries of the identified sub-graphs considering sub-graph size, nodal elevation difference in each subgraph, the number and the diameter of the pipes that should be cut, distances of the nodes in a group, nodal demands, etc. Finally, in some cases, it might be possible to merge nearby MinorIslands with each other to create a sector, or merge them with the neighbouring sectors.
